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Abstract 
Along with the general requirement of continuously increasing efficiency of hydrostatic 
drivetrains, variable displacement machines are of major concern in research and 
development. To this effect, the whole machine performance is mainly dependent of 
the displacement variation system (DVS) performance. A lot of work to this topic 
focusses on the controller and actuator level. The aim of this paper is to offer a more 
fundamental view on DVS by giving a focus to the basic hydro-mechanical principles.  
KEYWORDS: variable displacement, fundamentals, product development 
1. Motivation 
For flow and/or pressure control in hydrostatic power transmissions, variable 
displacement machines are the key components, especially in mobile systems. On the 
supply side, external valve based concepts (discharge bypass or suction throttling, 
figure 1) have major drawbacks concerning efficiency or controllability for multi-
actuator systems. Variation of shaft speed as another external control concept for 
pumps usually requires electrically driven shafts, which is standard in stationary 
applications. It will certainly become more important in mobile machines, as electrical 
drives are emerging. On the actuator side, variable displacement (respectively: 
secondary control) is the single alternative to valve control and consequently the most 
effective measure on this side for improving system’s efficiency.  
The overall dynamic performance of these components under different working 
conditions is determined by the layout of the displacement variation system (DVS). 
Furthermore, since any control system needs power supply itself, this has an 
unneglectable impact on the efficiency of the displacement machine. 
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Figure 1: Control concepts for displacement machines 
For both, primary and secondary control, a lot of research work has been performed on 
DVS and successfully has been put into products. Nevertheless, as recent 
development and research shows, there is a need for increasing dynamics and 
efficiency /1/ /2/. Ongoing trends, for example functional integration (synchronizing 
driveshafts in gear boxes, etc.) and system integration /3/, will lead to higher demand of 
performance in the future. In order to overcome existing restrictions and discover new 
development potential, it is useful to look beyond conventional fields of investigation. 
Since much work has already been done to DVS on the controller and actuator side, 
this paper offers an analysis of the basic hydro-mechanical part of DVS in general.  
2. General requirements and state of the art 
Basically, requirements on DVS are the same as to the whole displacement machine: 
 small installation space 
 light weight, low cost 
 good control behaviour (precision and dynamics) 
Regarding a displacement machine as part of a power transmission system, the energy 
consumption of a DVS has to be characterized as a loss, no matter, how efficient a 
certain actuator or control element may be. Further, assuming a perfect layout of a 
fixed displacement machine, e.g. in terms of oscillation and noise emission, a DVS may 
have negative effects on the machine performance, because it changes parameters of 
operation. As additional requirements, specifically for DVS, there are: 
 low power consumption 
 Neutrality to the machine’s performance (efficiency, oscillations, reliability etc.) 
In scientific publications, the overall effect of variable displacement concepts on the 
efficiency of a whole drivetrain has often been more in focus than efficiency and power 
consumption of a DVS itself. On this upper level, the dynamics of variable pumps and 
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motors are strongly relevant to the efficiency of hydrostatic drivetrains, because it is a 
major factor in the competition between valve control and displacement control. In 
general, power consumption of control actions have to be considered in the efficiency 
assessment of drivetrains and consecutively in the layout of operation strategies /4/ /5/. 
In addition, stand-by power losses of existing (hydraulic) control systems may be 
significant /6/. 
Mostly demonstrated for axial piston machines, three major topics of development and 
research can be distinguished on the hardware side: 
1. increase power supply 
2. reduce power losses 
3. reduce actuation work 
Increase of power supply, for example by means of de-throttling hydraulic actuation 
systems, has been a successful approach in order to achieve high dynamics for 
secondary control /7/. As examples for reduction of power losses, especially in stand-
by mode of the DVS, low pressure servo-hydraulics as well as electrical actuators /6/ 
can be mentioned. Reducing the required actuation work itself by means of force and 
displacement can have positive effect on both, dynamics and power consumption 
(resp. efficiency) of DVS. Development and research on this topic means focussing on 
the basic hydro-mechanical function of DVS, which has been subject to the work of 
Achten /8/ and Cho /9/.  
3. Functional analysis of displacement variation system 
Looking at the whole chain of information and energy, the input would be the desired 
value of output power (or another related quantity) as well as the power supply for 
converting this value on the machine. The output would be a change of output power. 
Inside this chain, every kind of DVS on any type of machine consists of at least five 
parts, which therefore can be identified as main functions (figure 2).  
 
Figure 2: Five main functions of displacement variation system 
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The first function is the controller, which determines the deviation of the observed value 
form the target and generates an output signal that is being passed to the power 
control element. This second function determines the amount of power being supplied 
to the actuator, which generates a certain actuation force and displacement, acting on 
the connected mechanical system. Last, the displacement of the actuated mechanism 
has to be turned into a change of displacement of the unit, which finally transduces flow 
and speed as well as pressure and torque. On axial piston machines for example, this 
“displacement unit” is being made up by the swash device, pistons, cylinder block and 
port plate as main parts. 
Figure 3 shows a morphological matrix as one basic method out of the product 
development process. For a detailed look on different options, how functions may be 
put into solutions, consecutive matrices and variation methods are required in each 
line.  
 
Figure 3: Example of morphological matrix for development of DVS 
On an upper level, the type of information or energy can provide a structure. Today, in 
many applications displacement machines are electronically controlled, which offers a 
wide range of control architectures including fuzzy concepts. Because the actuator 
usually is a hydrostatic cylinder, the corresponding control element is a hydraulic valve. 
However, pneumatic actuation /10/ and electric solutions /6/ have been investigated as 
well. With the latter one, the voltage transformer represents the control element and 
either an electric motor or magnet may be used as actuator. Corresponding to the 
actuator motion and the requirements of the last function, the mechanical system 
typically provides a transformation ratio of force or torque as well as a conversion 
between rotational and linear movement, mostly by levers rather than by gear-to-rod or 
screw drives. Constructional layout of the displacement unit regarding stroke and 
commutation follows, respectively determines the basic hydro-mechanical principle of 
displacement variation. 
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4. Variable displacement unit 
The fifth function of DVS, turning a mechanical control movement into a change of 
displacement of the hydro-mechanical power transducing unit, can be carried out in 
different ways. With certain types of hydrostatic machine designs, certain solutions are 
common or even exclusive in existing products. Nevertheless, apart from some few 
basic restrictions, functional principles are transferrable between different types of 
construction. They also may be combined. In order to define these principles, a general 
functional analysis has been carried out. 
4.1. Functional volumetric fractions of displacement chamber 
Basically, the displacement unit of a hydrostatic machine performs an intake, a 
transport, a compression or respectively decompression and an output of discrete fluid 
volumes /11/. This is achieved by cyclic enlargement and reduction of the displacement 
chambers (stroking motion) and by alternating the connection to the intake and output 
port of the machine (commutation). Regarding the displacement unit, functional 
principles of DVS influence the effective displacement by variation of these two factors. 
In order to discuss existing DVS and development potential of future solutions, a 
volume-oriented definition of functional principles is being proposed. Figure 4 shows 
functional volumetric fractions of a general displacement chamber. 
 
Figure 4: Functional volumetric fractions of displacement chamber 
The volume of one displacement chamber is determined by the shape, dimensions and 
relative position of the elements that make up the chamber. During one cycle of 
displacement, which is on many types of machines equivalent to one revolution of the 
driveshaft, the chamber volume varies between a maximum and a minimum value. 
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Consequently, the maximum chamber volume (MCV) in general consists of two parts 
(figure 4, b): 
The first part is called the dead volume, representing the minimum value of the 
displacement chamber during one cycle. On axial piston machines for example, the 
dead volume is being made up at least by the bottom bores of the cylinder block and by 
the inner volume of hollow pistons, if employed. The dead volume does not contribute 
to the displacement of the machine. The second part is the stroke volume of one cycle, 
representing the difference between maximum and minimum chamber volume. 
Dependent on the design of the machine, it can be varied by means of the stroking 
motion. 
Taking into account the commutation between intake and outlet port, the stroke volume 
represents the maximum possible theoretical displacement volume during one cycle. 
Any commutation layout that permits a connection between displacement chamber and 
one of the ports during the point of MCV reduces the theoretical displacement. The 
volume fractions that are being pushed back into the intake port and on the other side 
being retaken from the outlet do not contribute to the displacement of the machine. 
Therefore, these parts shall be defined as “blind” stroke volumes. The remaining 
fraction imposes the theoretical displacement of the chamber (figure 4, c). 
In order to determine the effective displacement volume, all gap heights, fluid 
properties and pressure ratios must be taken into account. Compared to the theoretical 
value, it is being reduced by internal and external leakage and influenced by 
compression or decompression effects, respective to pump mode (compression, see 
figure 4 d) or motor operation (decompression) of the unit.  
4.2. Basic principles of displacement variation 
Depending on which volumetric fractions are affected, three different basic principles of 
displacement variation can be defined. 
4.2.1. Variable maximum chamber volume (MCV) 
The first principle is the variation of stroke by means of maximum displacement 
chamber volume. In most existing hydrostatic machines, the employment of this 
principle goes along with a variation of the dead volume, which additionally influences 
the theoretical displacement volume. Figure 5 shows this principle, taking a vane pump 
as example. By reducing the relative eccentricity of rotor and stator ring, the MCV is 
being decreased while the dead volume is being increased. 
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Figure 5: Variation of maximum chamber volume (example: vane pump), acc. to /12/ 
A pure variation of stroke without changing the amount of dead volume would also be 
possible, for example in inline or axial piston machines (figure 6). In this case, for the 
example of an axial piston machine, the centre point of the swash movement must be 
located on the piston radius at minimum chamber volume (top dead centre, “TDC”). 
Existing axial piston machines are swivelled around a point either on the main axis, for 
symmetric reasons and swivelling beyond zero, or around a point in between main axis 
and piston axis for making use of self-swivelling forces /13/. 
 
Figure 6: Variation of MCV, stroke only (example: axial piston pump) 
This first principle of displacement variation can be used on any type of hydrostatic 
machine that allows a variation of the MCV. This includes all kinds of piston machines 
as well as single-stroke vane pumps and related types, for example oscillating slide 
machines. In turn, other machines have a fixed MCV, for example gear machines and 
screw pumps that work under a meshing condition of the rotors. Displacement variation 
of these machines requires other principles. 
4.2.2. Variable dead volume, fixed MCV 
The second principle imposes a variation of stroke by means of varying the dead 
volume. Since the MCV may remain constant, it is suitable for gear machines as shown 
in figure 7. By axial displacement of one gear relative to the other, the axial length of 
the meshing is being varied and with this the stroke volume. For radial sealing of the 
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tooth spaces, fitting elements (1, 2) are located next to the gears. Because of the 
meshing condition, the stroke volume of gear machines cannot be reduced to zero, 
unless an additional synchronising is provided /14/. 
 
Figure 7: Variation of stroke and dead volume (e.g. external gear machine acc. /14/) 
Analogue to figure 6, this second principle of displacement variation may also be 
applied to piston machines. In this case, the point of zero stroke volume has to be 
achieved at maximum chamber volume (bottom dead centre, “BDC”). 
4.2.3. Variable commutation, fixed stroke volume 
With the third basic principle, variation of displacement is being achieved by acting on 
the correlation of stroking movement and commutation from intake to outlet port. Since 
the stroke volume may remain constant, this principle can be applied to any type of 
hydrostatic machine having specific design features for commutation. As depicted in 
figure 8, it is particularly relevant for inner gear pumps, because a variation of stroke 
combined with an axial port plate for commutation would be very complex. In this 
example, the eccentricity of the rotors is being turned in relation to the (static) port 
plate. In a diagram of displacement chamber volume against driveshaft angle, this 
leads to either a delay or lead of the stroking function (figure 8). As explained in 
chapter 4.1, the resulting blind stroke volumes VBs and VBd do not contribute to the 
theoretical displacement volume. Recently, Devendran /15/ employed this principle on 
an external gear machine by inserting a sliding commutation element. 
A very special application of the variable commutation principle is the concept of a 
hydraulic transformer. Here, mostly based on an axial piston or floating cup device, the 
function of a hydrostatic pump driven by a hydrostatic motor has been put into one unit 
by inserting a third pressure port into the port plate. With the recently presented design 
stage, the transformation ratio is being varied by a combined spherical swash and port 
plate unit /16/. Actuation provides a rotation movement of both, the TDC-BDC-axis as 
well as the porting relative to the driving axis. Since the swash angle and consecutively 
the stroke volume are kept constant, it is an example of pure variable commutation. 
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Figure 8: Variation of commutation; example: internal gear machine 
A major challenge in the layout of variable commutation for DVS is the influence on the 
geometric compression and decompression behaviour which is connected to the 
commutation timing. Figure 9 shows this for the example of a pump with variable 
commutation in terms of discharge delay. Moving the end of suction and the beginning 
of discharge towards higher gradients of chamber volume leads to an increase of the 
compression volume ΔVVC. The same applies to decompression when the 
displacement chamber leaves the discharge port. In turn, with a lead of discharge 
instead of a delay, the resulting behaviour is the opposite.  
 
Figure 9: Influence of commutation timing on geometric compression 
5. Combination of basic principles 
Having identified single, independent solutions to a function, the next step in 
developing a full matrix of alternatives is to consider combinations. As explained in 
section 4.2.1, most existing DVS that use variable MCV perform a variation of dead 
volume as well. For both approaches, the limitations in construction are relatively 
similar, because they both act on the stroking characteristic. In contrast, a variation of 
commutation does not necessarily require a motion of machine parts which apply a 
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force to the fluid. Therefore, combinations of variable MCV and variable commutation 
are in focus of this chapter. 
Up to now, such combinations have not been investigated for the purpose of 
displacement variation. At least, variable commutation has been implemented as a 
measure of pulsation and noise reduction. Hence, on variable displacement machines, 
the interaction of variable MCV and variable commutation has to be considered. In 
general, principles may be combined by mechanical coupling or by individual control. 
5.1. Mechanical coupling 
In existing machines, combinations of variable MCV and variable commutation can be 
observed in the field of vane pumps and related types having an axial port plate. As 
depicted in figure 10, a reduction of MCV by rotation of the stator ring leads to a 
dislocation of the eccentricity relative to the (fixed) port positions. The theoretical 
displacement volume is being reduced by both, a reduction of stroke volume in terms of 
smaller MCV and bigger dead volume (same in figure 5, linear motion) as well as by 
blind stroke volumes. By having a fixed port plate and only one actuator movement, the 
principles are mechanically coupled and the relation between the two effects is fixed.  
 
Figure 10: Coupled variation of MCV (α) and commutation (β); example: vane pump 
Compared to a linear movement of the stator ring (figure 5), rotation offers more 
degrees of freedom concerning the characteristic of actuation forces /17/. Given a 
rotation of the stator ring, a rotation of the port plate as well would impose the 
opportunity of variable displacement without affecting commutation (section 4.2.1). By 
either leaving the port plate fixed or mounting it directly to the stator ring /18/, the effect 
of variable commutation requires a layout of timing, which is adapted to the theoretical 
displacement. Otherwise, either pressure peaks as a result of over-compression or 
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backflow as a consequence of incomplete filling of chambers would lead to a bad 
oscillation performance. Since in general, along with an increase of MCV, an increase 
of geometrical precompression is required for preventing back-flow, variable 
commutation should be of advantage for variable displacement pumps. Because a 
variable MCV goes along with variable gradients of chamber volume (compressed 
stroking function, figure 10) the precompression volume ΔVVC may even be less 
affected than with pure variable commutation (figure 9). Nevertheless, layout of a 
mechanical coupled variable MCV and variable commutation makes pump 
development more complex in general. In vane pumps in automotive, solutions using 
single MCV-variation (linear movement of stator) and a combination of principles both 
exist. 
5.2. Individual control 
Individual control in this context means having no mechanically or hydrostatically fixed 
relation between the two principles (figure 11). By this, given a minimum stroke volume 
(sufficiently above zero), variable commutation may be used for lowering the theoretical 
displacement (to zero) and in turn, raise it without varying MCV. 
 
Figure 11: Individual variation of MCV (α) and commutation (β); example: axial piston 
Apart from the fixed-stroke hydraulic transformer and with different objectives, 
individually controlled variable commutation has been investigated also on variable 
displacement machines. Here, two approaches for axial piston machines shall be 
presented that both work with rotating port plates instead of additional valves.  
The objective of Grahl /19/ was noise reduction by means of optimizing 
precompression. He developed a self-regulating system that rotates the port plate by a 
few degrees and with this, adapts the commutation timing to the system pressure. 
Ideally, this pressure level should be met by precompression in order to avoid pressure 
peaks as well as backflow. Since commutation is being controlled only on the basis of 
pressure information, there is no direct dependency on the actual stroking volume. 
β
α
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Cho /9/ developed a system which uses the self-swivelling forces of the machine in 
order to control the swash plate angle. Because these forces are strongly dependent of 
commutation timing, rotating the port plate by small angles shows sufficient in order to 
control displacement in the full range. 
6. Discussion 
The development of innovative solutions for displacement variation affects all five main 
functions and technical levels of DVS. On the controller level, precision and dynamics 
are in focus for competing valve based concepts of drivetrain control. Descending to 
the actuator, efficiency and energy consumption is being considered as well. On the 
basic hydro-mechanical level (displacement unit), principles of displacement variation 
should require minimum actuation work and have no negative effect on the machines 
steady-state performance (efficiency, oscillations, reliability etc.). 
Concerning variable commutation as an alternative to (direct) variation of MCV, the 
main advantage is not having to act on the relatively massive machine parts connected 
to stroking, such as pistons and swash-devices (especially bent-axis type) or gears /16/ 
/9/. In particular for axial piston machines, a clear disadvantage is the fact of at least 
one additional moving machine part. Hence, bearing problems have to be solved and 
reliability may be affected without appropriate layout. Also critical, but not necessarily a 
disadvantage, is the requirement of a dedicated, precise layout of the commutation 
timing. At least regarding a variation of system pressure and with this, varying optima 
of geometric pre- or/and decompression, variable commutation has already proven 
effective /19/. As stated above, this should apply even more if MCV is also variable. 
In order to assess the potential of an independently controlled combination of the two 
principles, research work will be required concerning four major issues: 
 Restrictions in construction: concepts (valves, rotating port plate…), reaction 
forces (friction, pressure ratio of ports…) → feasibility to be proven 
 Concepts and methods for layout of variable timing with respect to compression 
and decompression behaviour → feasibility to be proven 
 Integration and test: impact on energy consumption and dynamics of DVS 
 Control strategies: efficiency and dynamics potential in drivetrain applications 
Looking forward to further investigations in the field of DVS, a function-oriented 
assessment of performance in existing systems is certainly needed. On this basis, the 
potential of future solutions has to be discussed.  
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7. Summary 
The aim of this paper was to offer a methodical basis for the development of new 
solutions for displacement variation systems (DVS), with a focus on basic hydro-
mechanical principles. Therefore, a functional analysis of DVS in general and of the 
displacement chamber volume in particular has been performed. Independent of the 
machine design, three principles of displacement variation can be identified, affecting 
maximum chamber volume, dead volume or commutation. The main characteristics of 
these principles have been presented, along with current product examples and related 
research. Finally, a potential combination of principles has been discussed and 
proposed for further investigation. 
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